Anabaena apo¯avodoxin contains a single histidine residue (H34) that interacts with two aromatic residues (F7 and Y47). The histidine and phenylalanine rings are almost coplanar and they can establish a cation-p interaction when the histidine is protonated. The histidine and tyrosine side-chains are engaged in a hydrogen bond, which is their only contact. We analyse the energetics of these interactions using pK a -shift analysis, double-mutant cycle analysis at two pH values, and X-ray crystallography. The H/F interaction is very weak when the histidine is neutral, but it is strengthened by 0.5 kcal mol À1 on histidine protonation. Supporting this fact, the histidine pK a in a F7L mutant is 0.4 pH units lower than in wild-type. The strength of the H/Y hydrogen bond is 0.7 kcal mol À1 when the histidine is charged, and it becomes stronger (1.3 kcal mol À1 ) when the histidine is neutral. This is consistent with our observation that the (H34)N e2 -OH(Y47) distance is slightly shorter in the apo¯avodoxin structure at pH 9.0 than in the previously reported structure at pH 6.0. It is also consistent with a histidine pK a value 0.6 pH units higher in a Y47F mutant than in the wild-type protein. We suggest that the higher stability of the neutral hydrogen bond could be due to a higher desolvation penalty of the charged hydrogen bond that would offset its more favourable enthalpy of formation. The relationship between hydrogen bond strength and the contribution of hydrogen bonds to protein stability is discussed.
Anabaena apo¯avodoxin contains a single histidine residue (H34) that interacts with two aromatic residues (F7 and Y47). The histidine and phenylalanine rings are almost coplanar and they can establish a cation-p interaction when the histidine is protonated. The histidine and tyrosine side-chains are engaged in a hydrogen bond, which is their only contact. We analyse the energetics of these interactions using pK a -shift analysis, double-mutant cycle analysis at two pH values, and X-ray crystallography. The H/F interaction is very weak when the histidine is neutral, but it is strengthened by 0.5 kcal mol À1 on histidine protonation. Supporting this fact, the histidine pK a in a F7L mutant is 0.4 pH units lower than in wild-type. The strength of the H/Y hydrogen bond is 0.7 kcal mol À1 when the histidine is charged, and it becomes stronger (1.3 kcal mol À1 ) when the histidine is neutral. This is consistent with our observation that the (H34)N e2 -OH(Y47) distance is slightly shorter in the apo¯avodoxin structure at pH 9.0 than in the previously reported structure at pH 6.0. It is also consistent with a histidine pK a value 0.6 pH units higher in a Y47F mutant than in the wild-type protein. We suggest that the higher stability of the neutral hydrogen bond could be due to a higher desolvation penalty of the charged hydrogen bond that would offset its more favourable enthalpy of formation. The relationship between hydrogen bond strength and the contribution of hydrogen bonds to protein stability is discussed.
Introduction
Understanding the nature and magnitude of the non-covalent interactions that stabilise the folded conformation of proteins is a key goal of structural biology. Besides of the classical interactions (charge/charge, hydrogen bonds, van der Waals and hydrophobic interactions), other non-covalent interactions, e.g. aromatic/aromatic (Burley & Petsko, 1985; Serrano et al., 1991) , charge/dipole (Nicholson et al., 1988; Sancho et al., 1992) , and cation-p (Loewhental et al., 1992; Dougherty, 1996; Ferna Ândez-Recio et al., 1997) , are being described that can stabilise proteins. The relative contribution of non-covalent interactions to protein stability is actively discussed at present, and this includes the classical interactions. Particularly revealing is the debate on the stabilising or rather marginal effect of hydrogen bonds on protein stability. While some theoretical studies suggest that hydrogen bonds hardly contribute to protein stability Lazaridis et al., 1995; Sippl et al., 1996) , experimental results point to the opposite direction (for a review, see Myers & Pace, 1996) . One key issue here is that most of the experimental evidence supporting a stabilising role of hydrogen bonds comes from group-deletion binding or stability studies (Fersht, 1987) which do not always measure the contribution of the hydrogen bond, because when one of the partners is removed the protein may be left with an unsatis®ed buried polar group . Positive evidence for a stabilising role of hydrogen bonds has been reported in model peptides (HuyghuesDespointes et al., 1995; Stapley & Doig, 1997; Smith & Scholtz, 1998) . On the other hand, a direct quanti®cation of the strength of an intramolecular protein hydrogen bond by double-mutant cycle analysis is still lacking.
As for the more recently identi®ed non-covalent interactions, empirical data are still scarce. One such interaction is the cation-p interaction, that has been found to be important for both protein stability and the interaction between proteins and small cationic molecules (Dougherty, 1996; Ma & Dougherty, 1997; Wouters, 1998; Ting et al., 1998 ). An interesting example of cation-p interaction is the one established between a positively charged histidine residue and an aromatic residue. The stabilising character of His /aromatic interactions has been studied in peptides (Rico et al., 1986; Shoemaker et al., 1990; Armstrong et al., 1993; Ferna Ândez-Recio et al., 1997) and in proteins (Loewenthal et al., 1992) , but few quantitative data are available (Loewenthal et al., 1992; Ferna Ândez-Recio et al., 1997) .
Here, we use the apo¯avodoxin from Anabaena as a model to quantify the strength of hydrogen bonds and cation-p interactions in proteins. Apoavodoxin is a convenient model: the stability of the wild-type form has been described (Genzor et al., 1996b) , its crystal structure is known (at pH 6.0; Genzor et al., 1996a) , and the recombinant protein (Fillat et al., 1991) can be expressed in Escherichia coli with good yield. Anabaena apo¯avo-doxin bears a single histidine residue (H34) in close contact with two aromatic residues (F7 and Y47). The side-chain of H34 forms a hydrogen bond with the side-chain oxygen atom of Y47 as well as a cation-p interaction with F7 (when the histidine is protonated). To analyse the energetics of these interactions, the three residues have been mutated individually and in pairs, the pK a of H34 in wild-type and mutant apo¯avodoxins have been determined by NMR, the conformational stabilities of each protein have been measured by urea denaturation at two pH values, and the crystal structure of wild-type apo¯avodoxin (already known at pH 6.0; Genzor et al., 1996a) has now been solved at high pH (9.0). From the pK a data and the stability data (analysed by double-mutant cycles), the interaction energies of the protonated and unprotonated H/Y hydrogen bond and that of the H /F cation-p interaction have been determined.
Results
X-ray structure of wild-type apoflavodoxin at pH 9.0
The folding of apo¯avodoxin at pH 9.0 is very similar to that described for this apoprotein at pH 6.0 (Genzor et al., 1996a) . It presents a single domain a/b structure with a central ®ve-stranded parallel b-sheet¯anked by ®ve a-helices.
A superposition of the a-carbon atoms of the structures at the two pH values gives an r.m.s. deviation of 0.22 A Ê showing that the structural scaffolds of both structures display a substantial degree of homology. The only larger deviations are con®ned to two regions G17-D29 (a loop connecting helix a1 and strand b2) and N58-L62 (a surface located reverse loop involved in FMN binding) with r.m.s deviations of the constituting backbone atoms between 0.6-1.3 A Ê . The side-chains atoms of the three mutated residues (F7, H34 and Y47) display low temperature factors at either pH: 6.8, 9.8, and 9.5 A Ê 2 , respectively at pH 6.0 (averages of side-chain atoms), and 5.5, 9.0 and 7.8 A Ê 2 , respectively at pH 9.0 (averages of side-chain atoms).
Since a single histidine residue (H34) is present in the Anabaena apo¯avodoxin sequence, it is interesting to compare the results of the present study at pH 9.0 with the structural information previously obtained at pH 6.0 (Genzor et al., 1996a) for this residue. In the structure at pH 9.0, the N ). On the other hand, at pH 6.0, the imidazole ring of H34 is almost parallel to the phenyl ring of F7 with an angle between plane normals of 6.6
; at pH 9.0, the two rings are slightly more tilted showing an angle of 14.4
. As for the solvent exposure of the H34/Y47 hydrogen bond, the N e2 of apo¯avodoxin H34 is not exposed to solvent and the OH of its Y47 partner is only 26 % exposed (calculated using ICM, Abagyan et al., 1994) .
Structure of Anabaena wild-type flavodoxin compared to that of other homologous flavodoxins with different residues at positions structurally equivalent to 7, 34 and 47
The X-ray structure of four¯avodoxins (three long-chain and one short-chain) homologous to Anabaena¯avodoxin are available (Anacystis nidulans (Smith et al., 1983) , PDB code: 1OFV; Chondrus crispus (Fukuyama et al., 1990) , PDB code: 2FCR; Clostridium beijerinckii (Ludwig & Luschinsky, 1991) , PDB code: 4FXN; Desulfovibrio vulgaris (Watt et al., 1991) , PDB code: 2FX2). We have superimposed the structures using the LSQKAB program (Kabsch, 1976) . The C a atoms of the entire¯avodoxin molecules have been superimposed, with no special attention to the relevant positions that we want to compare. In Figure 1 we show the Anabaena FHY side-chains superimposed to the structurally equivalent side-chains of the other¯avodoxins (FNY in Anacystis, FIY in Chondrus, VIE in Clostridium, and VRF in Desulfovibrio). At position 7 there are thus three F and two V; at position 34 there are one H, one N, one R and two I; and at position 47 there are three Y, one F and one E. Despite this variety of residues, the f and j angles of the three positions are essentially identical in the ®ve proteins and the superposition of the side-chains is quite good in all cases, showing that the conformation of the¯avodoxin side-chains at those positions is retained when any of the interacting residues is mutated. For example, in Anacystis¯avodoxin there is an asparagine residue (N34) whose side-chain mimics that of the histidine residue with the dN and dO at positions equivalent to those of the dN and dC of the Anabaena histidine residue, respectively. As the asparagine residue is shorter than the histidine residue, a hydrogen bond equivalent to the histidine/tyrosine hydrogen bond in Anabaena¯avodoxin is not present in Anacystis¯avodoxin (as is also the case of the H34A mutant used in this study); however, the relative orientation of the FNY triad in Anacystis is the same as that of the FHY triad in Anabaena. Another interesting comparison is that of Anabaena and Clostridium¯avodoxins, where the three relevant side-chains are different. In spite of this difference, the r.m.s. deviation of the bb and dd distances of the three pairs of structurally equivalent residues is 0.5 A Ê .
H-NMR spectra of wild-type and mutant apoflavodoxins
The high ®eld regions of the 1 H-NMR spectra of the F7L, Y47F and F7L/Y47F apo¯avodoxin mutants (at different pH values from 6.85 to 7.03 depending on the protein) are compared to that of wild-type apo¯avodoxin in Figure 2 . In all the spectra, many high ®eld methyl resonances characteristic of well-folded protein conformations can be observed, suggesting that the mutant proteins retain the native-like conformation that has been described for the wild-type protein (Genzor et al., 1996b; Maldonado et al., 1998) .
pK a of histidine residues
The chemical shifts of the C2 protons of the H34 imidazole ring are shown in Figure 3 as a function of pH. A ®tting of the titration curves in Figure 3 to the equation of a single ionisation equilibrium was used to calculate the pK a of H34 in wild-type and mutant apo¯avodoxins ( Table 1 ). The pK a of H34 in wild-type apo¯avodoxin is 6.36, slightly below the reported pK a values (6.5-6.6) of protein histidinyl residues in unfolded proteins (Matthews & Westmoreland, 1975; Anderson et al, 1990; Sancho et al., 1992) . This suggests that in wild-type apo¯avodoxin, protonated H34 is somewhat destabilised relative to the neutral form. Removal of the hydrogen bond between the histidine and the tyrosine residues (mutant Y47F) sets the pK a of H34 at 6.84, which means that the protonated form is now stabilised relative to the unprotonated state. Finally, when the neighbouring aromatic F7 is mutated to a leucine residue (mutant F7L) the pK a of H34 becomes 5.96, well below the expected value of an unperturbed histidinyl residue.
Calculation of H34 free energy of protonation from pK a data Ionisation of protein residues in¯uences protein stability. The difference in free energy of folding between the protonated and the unprotonated state of a protein (ÁÁG /0 F ) that is caused by any given ionising residue is linked to the difference in pK a of that residue in the unfolded and folded protein (ÁpK a ) by a thermodynamic cycle. The relationship between the energy difference and the pK a difference is described by an equation (Tanford, 1961; Sali et al., 1988) that is presented in terms of free energies of folding:
where ÁG F and ÁG 0 F are the free energies of folding of the protonated and unprotonated states respectively, pK a F is the pK a of the residue in the folded protein (that can be determined by NMR titration as described above), and pK a U is the pK a of the residue in the unfolded conformation. We have used the value of 6.52 (reported for barnase; Sancho et al., 1992) for the reference pK a value of a histidine residue in the unfolded state. From this reference value and the pK a of H34 in apo¯avodox-in, we can calculate (see Table 1 ) the global interaction energy with the protein of protonated and unprotonated histidine that is manifested as ÁÁG /0 F . Our data indicate that in wild-type apoavodoxin, the protonated form of H34 is slightly destabilised relative to the unprotonated form by 0.22 kcal mol
À1
. Mutation of the neighbouring F7 and Y47 residues alters the protonation equilibrium in opposite ways. In the Y47F mutant, protonated H34 is stabilised by 0.66 kcal mol À1 relative to wild-type, while in the F7L mutant it is destabilized by 0.54 kcal mol À1 relative to wildtype (Table 1) . If the above mutations do not dis- rupt the structure around H34, our data suggest that protonation of H34 strengthens the H34/F7 interaction by 0.54 kcal mol
, while it weakens the H34/Y47 interaction by 0.65 kcal mol
.
Conformational stability of the proteins at different pH values
The conformational stability of wild-type and mutant proteins has been determined at pH 6.0 and pH 8.5 by urea denaturation. The unfolding curves are shown in Figure 4 . The unfolding parameters for each protein (Table 2) have been determined at either pH by ®tting the unfolding curves to equation (8) (see Materials and Methods). All mutants except F7L are less stable than wild-type, the stabilities ranging from roughly 3 to 5 kcal mol À1 .
Calculation of pairwise interactions by doublemutant cycles
Pairwise interactions between F7 and H34 and between H34 and Y47 have been determined in apo¯avodoxin, at pH 6.0 and 8.5, from doublemutant cycle analysis (Carter et al., 1984; Serrano et al., 1990; Horovitz et al., 1990) of the stability data at each pH, using equation (9) (see Materials and Methods). The calculated interaction energies are shown in Table 3 . According a The errors for WT and Y47F are the standard deviation of ®ve and two independent measurements, respectively. The error for F7L was provided by the ®tting program.
b Change in histidine/protein total interaction energy on histidine protonation calculated using equation (1). c Change in histidine/protein total interaction energy on histidine protonation, relative to wild-type. to the pK a values listed in Table 1 , H34 is fully unprotonated (>98 %) at pH 8.5, and therefore the interaction energies at pH 8.5 shown in Table 3 correspond precisely to the interaction energy of neutral histidine residue with its neighbours. Data at pH 8.5 thus need no further correction. It is important to notice, however, that at pH 6.0 there is a mixture of protonated and unprotonated histidine residues in all the proteins considered, and that, for this reason, the interaction energies at pH 6.0 reported in Table 3 do not represent the interaction energies of the protonated histidine residue with its neighbours (this is particularly relevant for the FH interaction but less so for the HY interaction). Data at pH 5.0 would be required that is not possible to accurately obtain because the conformational stability of apo¯avodoxin increases steeply as the pH is lowered and because the protein tends to aggregate below pH 6.0. Fortunately, the interaction energies of the protonated histidine residue with the other residues can be calculated from the stability at a given pH and the pK a data. The observed free energy of folding at a given pH (ÁG F ) contains contributions of the unfolding free energy of protein molecules bearing a protonated histidine (ÁG F ) and of others with a neutral histidine (ÁG 0 F ):
where w and w 0 are molar fractions that can easily be calculated from the known pK a of the histidine residue. Combining equations (1) and (2) we get that at a given pH:
and:
The stabilities of apo¯avodoxin, bearing either a protonated or an unprotonated histidine residue, have been calculated at both pH 6.0 and 8.5, and they are shown in Table 4 . We can now use those values to calculate, by double-mutant cycles (equation (9), see Materials and Methods), the F7/H34 and H34/Y47 pairwise interaction energies when the histidine residue is protonated and when it is unprotonated. These calculations can be performed with both the pH 6.0 data and the pH 8.5 data. Our results indicate that the interaction energies for the protonated and unprotonated H/F and H/Y pairs are almost the same at pH 6.0 and 8.5; an average of the values at the two pH values (AESD) is given in Table 5 .
The interaction energy between H34 and F7 is very small when the histidine residue is neutral, but it raises to À0.47 kcal mol À1 when the histidine residue becomes protonated. The interaction energy between H34 and Y47 is stabilising when the histidine residue is protonated (À0.66 kcal mol
À1
) and it is strengthened to À1.32 kcal mol À1 when the histidine residue becomes neutral.
We notice that the changes in stability of the F/H and H/Y pairs when the histidine residue becomes protonated, (À0.55 and 0.66 kcal mol À1 , respectively; calculated from data in Table 5 obtained from double-mutant cycle analysis), agree well with the corresponding differences (À0.54 and 0.66 kcal mol À1 , respectively) obtained from the pK a data alone (ÀÁÁG /À in Table 1 ). ), using an m value of 1.98 (at pH 6.0) or 2.60 (at pH 8.5) obtained from the average of all apo¯avodoxin mutants whose stability at either pH has been determined at the same conditions as those above. The spread of m values at either pH 6.0 or 8.5 is of AE10 % (not shown). The spread of the U 1/2 values determined in our laboratory for the same protein is of AE0.015 M (not shown). This means that, although the folding free energies of each individual protein may have a systematic error of around AE0.5 kcal mol À1 (due to uncertainty in the m value), the error for the interaction energies calculated by performing double-mutant cycle analysis with these kind of data is of AE0.08 kcal mol À1 (see details of a similar error calculation by Serrano et al., 1990) . a The error for the interaction energies calculated performing double-mutant cycle analysis with these kind of data has been estimated at AE0.08 kcal mol À1 (see the footnote to Table 2 ).
Discussion Energy of the H34 /F7 cation-p p p interaction in apoflavodoxin
The high degree of similarity between the structure of Anabaena apo¯avodoxin at pH 6.0 (Genzor et al., 1996a) and that at pH 9.0 (this work) indicates that histidine protonation does not cause structural rearrangements. On the other hand, a comparison of the X-ray structures of ®ve¯avo-doxins (including Anabaena¯avodoxin, Figure 1 ) strongly suggests that mutation of any of the residues studied in this work (F7, H34, and Y47) to shorter ones (L, A, and F, respectively) is very unlikely to cause a signi®cant rearrangement of the two remaining residues. Based on these facts, and on the native-like structure of the apo¯avodoxin mutants (Figure 2 ), the energetics of the pairwise interactions among the three residues can be analysed by a combination of site directed mutagenesis, pK a measurements and double-mutant cycle analyses.
From pK a data alone, we estimate that the H/F pair becomes 0.5 kcal mol À1 stronger when the histidine residue is protonated (Table 1) . From a double-mutant analysis (Table 5) , we calculate that the interaction energy is of around 0.1 kcal mol À1 (destabilising) when the histidine residue is neutral and around À0.5 kcal mol À1 (stabilising) when the histidine residue is protonated, which agrees with the overall difference in interaction energy estimated from the pK a shift. The two residues lay with their rings in parallel (distance between the rings <3.5 A Ê ), slightly off-shifted, and forming many van der Waal contacts. Since the structures of apo¯avodoxin at low and high pH are very similar (the H34 and F7 rings are slightly more tilted in the high pH structure) the more likely explanation of our results is that, when the histidine residue becomes protonated, a new attractive interaction is established between the aromatic ring of the phenylalanine residue and the charge of the protonated histidine. This is a typical example of a charge/aromatic interaction where the cation is a protonated histidine. There is a single precedent of a His /aromatic interaction quanti®cation in proteins: the H18/W94 pair in barnase (Loewenthal et al, 1992) . In this protein the interaction between a histidine residue and a neighbouring tryptophan residue (non-coplanarly oriented) increases by 0.9 kcal mol À1 on histidine protonation. Mutation of the tryptophan to either tyrosine and phenylalanine in barnase showed that for the H/Y and H/F pairs, the stability increase on histidine protonation was 0.7 kcal mol À1 and 0.3 kcal mol
À1
, respectively (Loewenthal et al., 1992) . From the barnase and the apo¯avodoxin studies, the strength of the cation-p interaction between a phenylalanine residue and a protonated histidine residue is thus estimated at 0.3-0.5 kcal mol
. Studies on model helical peptides (Shoemaker et al., 1990 , Ferna Ândez-Recio & Sancho, 1998 suggest that, in certain orientations, this interaction energy could even be higher.
Energy of the charged and uncharged H34/Y47 hydrogen bond in apoflavodoxin
The strength of a protein hydrogen bond has not yet been quanti®ed by double-mutant cycle analyses (for a combined quanti®cation of hydrogen bond plus van der Waals contacts, see Goldman et al., 1997) . The H34/Y47 interaction in apo¯avo-doxin is a convenient model to address the issue. a Interaction energies calculated by double mutant cycle analysis. The values reported are the mean of the interaction energies calculated at pH 6.0 and at pH 8.5 (AESD). Each of the values that are averaged to obtain the means comes from a double-mutant cycle analysis, using data from Table 4 , and its estimated error is of AE 0.08 kcal mol À1 (see the footnote to Table 2 ). Double-mutant cycle analysis attributes an interaction energy of À0.7 kcal mol À1 to the protonated H34/Y47 pair and of À1.3 kcal mol À1 to the neutral pair, which agrees with the pK a data indicating that the interaction between H34 and Y47 is weakened by 0.66 kcal mol À1 when the histidine residue becomes protonated. There are, in principle, several ways for a histidine and a tyrosine residue to interact with each other, but only two of them are likely to be affected by histidine protonation. One is a possible interaction between the p cloud of the tyrosine residue (or the partially positive edge of the tyrosine ring) with the histidine charge. An orientation of the two rings that would bring the positive edge of the tyrosine ring close to the histidine charge could, in principle, destabilise the protonated pair (Hunter & Sanders, 1990) and be responsible for the observed results. This is however not the case of the H34/Y47 interaction, because the only contact between the two rings is established through the tyrosine hydroxyl group, with the rings themselves pointing in opposite directions. This leaves the hydrogen bond established between the tyrosine side-chain oxygen atom and the histidine side-chain as the dominant interaction between these residues. Accordingly, the simplest interpretation of our double-mutant analyses is that the H34/Y47 interaction energies presented in Table 5 report on the energetics of the hydrogen bond in its neutral and charged states.
It is generally assumed that charged hydrogen bonds are stronger than neutral ones. Uncharged hydrogen bonds have been reported to make a contribution to protein or nucleic acid stability of between À0.5 to À1.5 kcal mol À1 (Freier et al., 1986; Fersht, 1987 ; see the subset of uncharged hydrogen bonds by Shirley et al., 1992) . On the other hand the reported values for charged hydrogen bonds are usually higher (À3 to À6 kcal mol À1 , Fersht, 1987 ; À2.0 kcal mol À1 , the subset of charged hydrogen bonds by Shirley et al., 1992) . It is important to notice, however, that most of these studies report the difference in protein stability (or protein/ ligand interaction) when one of the hydrogenbonded partners is deleted (for a more detailed discussion, see Fersht, 1987 ) and this does not directly re¯ects the strength of the hydrogen bond. A more accurate way to assess the relative strength of charged versus uncharged hydrogen bonds is to measure the strength of a particular bond at two different pH values so that, at one of them, the pair is neutral and at the other pH, only one of the interacting residues is charged. In practice, this is best done using a pair involving a neutral hydrogen-bonding side-chain and an ionising residue. In protein systems, where extremes of pH often lead to unfolding, a good choice for the ionising residue is histidine. The H34/Y47 pair in apo¯avodoxin is thus a convenient model to study the relative stability of neutral and charged hydrogen bonds. Surprisingly, we ®nd that the neutral H34/Y47 hydrogen bond is stronger than the charged one (À0.7 and À1.3 for the charged and neutral hydrogen bonds respectively). Consistent with this result, the observed length of the neutral H34/Y47 hydrogen bond (apo¯avodoxin structure at pH 9.0, this work) is slightly shorter (2.56 A Ê ) than the reported length at pH 6.0 (2.68 A Ê ) where 70 % of the histidine residues are protonated. As this apparent shortening of the hydrogen bond is small, its relevance at the present level of resolution is doubtful and it remains to be con®rmed when higher-resolution structures of apo¯avodoxin at low and high pH become available.
In vacuo calculations of the strength of several charged and neutral hydrogen bonds indicate that charged bonds are generally stronger due to their more negative enthalpy (Weiner et al., 1984) . The interaction energies derived from double-mutant cycle analysis of proteins in aqueous solution contain, however, a solvation term (equation (6)) that, for polar residues, is destabilising, and presumably larger when the residues involved are charged. We suggest that in water, the more stabilising enthalpy of charged hydrogen bonds can be counterbalanced, in certain cases, by their higher desolvation penalty. For those hydrogen bonds, the neutral form would be more stable. The fact that the observed relative strength of neutral and charged hydrogen bonds may vary from one case to another is illustrated by the fully exposed Q/D hydrogen bond in a helical peptide, which has been found stronger when it is charged (Huyghues-Despointes et al., 1995) . Although a direct comparison of the energy measured in the peptide using a Lifson-Roig algorithm and in apoavodoxin from double-mutant cycle analysis may not be straightforward, it seems that in both models an interaction energy that can be described by equation (6) is being measured. The reason of the different relative strength of the neutral and charged forms should probably be found in that the residues involved are different (and so are their solvation energies and the enthalpies of the corresponding hydrogen bonds in vacuo) and in their different degree of solvent exposure more than in intrinsic differences between peptide and protein models.
Finally, our ®nding that charged hydrogen bonds are not necessarily stronger than uncharged ones is relevant to the interpretation of the helix dipole/charge interaction, since it is often assumed that part of the effect is due to a higher strength of the charged hydrogen bonds formed between the interacting residue and the end of the helix .
Contribution of hydrogen bonds to protein stability
Although having a large number of intramolecular hydrogen bonds is one of the distinctive features of all native proteins, the precise contribution of hydrogen bonds to protein stability is still being debated. A wealth of experimental evidence that supported a net stabilising role of hydrogen bonds, has been summarised by Fersht (1987) . Since then, many other studies have reached a similar conclusion (for a recent review; see Myers & Pace, 1996; also Yamagata et al., 1998; Goldman et al., 1997; Hebert et al., 1998) . Recent theoretical studies, however, have drawn the opposite conclusion, i.e. that hydrogen bonds hardly contribute to protein stability (Honing & Yang, 1995; Lazaridis et al., 1995; Sippl et al., 1996) .
The contribution of a given interaction to the stabilisation of the folded state, relative to the unfolded state, is best measured by the incremental binding energy , that represents the balance between the interactions formed by the two residues in the folded and unfolded states. The incremental binding energy (ÁG b ) is made up of three contributions: the intrinsic strength (solvation effects excluded) of the interaction between the two residues (G ij ), and the solvation of the two residues (G i,solv and G j,solv ). Each of the three contributions represents a difference between the folded and unfolded conformation:
For a hydrogen bond, G ij is stabilising, while the two solvation terms are usually destabilising because the solvation in the denatured state is usually greater than in the native state.
On the other hand, the interaction energies measured by double-mutant cycle analysis, without protein rearrangement, follow equation (6):
where G ij has the same meaning as in equation (6) and the incremental solvation energies are the differences between the solvation terms in equation (5) in wild-type and the corresponding terms in the mutant lacking the other residue . As in the previous equation, the solvation terms are destabilising, although here to a lesser extent since they are now reduced to differences between proteins. Combining equations (5) and (6):
where the superscripts refer to mutant proteins (see Material and Methods). Equation (7) indicates that the interaction energies derived from the double-mutant analysis represent an upper limit for the contribution of the hydrogen bond analysed to protein stability. From the previous equations, the values of the interaction energies of the H34/Y47 hydrogen bond that we have calculated by double-mutant cycle analysis indicate that: (1) The intrinsic strength (G ij ) of the neutral H34/Y47 hydrogen bond in folded apo¯avodoxin, relative to its strength in the unfolded state is higher than 1.3 kcal mol À1 (equation (6)). Most probably this is also true of the charged bond. (2) The net contribution of the H34/Y47 hydrogen bond to protein stability (ÁG b ) is of less than 0.7 kcal mol À1 when charged and less than 1.3 kcal mol À1 when neutral. As the solvation terms in equation (7) are likely to be signi®cant, the contribution of this hydrogen bond to protein stability cannot be very high.
Conformational stability of the proteins by urea denaturation Concentrated apo¯avodoxin solutions were diluted to 20 mM in an appropriate buffer of 166 mM ionic strength at either pH 6.0 (375 mM Mes) or 8.5 (583 mM Tris). Aliquots of these protein solutions (100 ml) were added with a Hamilton syringe to 900 ml of unbuffered solutions of different urea concentrations (previously aliquoted with a Gilson positive displacement dispenser and kept frozen at À20 C), and they were allowed to reach equilibrium at 25
C for an hour. The ®nal protein concentration was 2.0 mM and the ionic strength 16.6 mM. The unfolding equilibrium at 25.0(AE0.1) C at a given pH was monitored by recording the¯uorescence emission of samples of different urea concentration at 320 nm (excitation at 280 nm). The data were analysed (assuming a two-state equilibrium, a linear relationship between free energy and urea concentration (Pace et al., 1989) , and a linear dependence of native and unfolded¯uorescence on urea concentration (Santoro & Bolen, 1988) ) using the following equation:
where F is the observed¯uorescence, F F and F U the¯u-orescence of the folded and unfolded state respectively, ÁG F , the Gibbs energy difference between the folded and unfolded states in the absence of urea, U the concentration of urea, m the slope of a linear plot of ÁG versus U, and m f and m u the slopes of the linear dependence of F F and F U on urea concentration.
Analysis of double-mutant cycles
The energy of interaction between two residues in a protein may be calculated by means of a double-mutant cycle (Carter et al., 1984; Serrano et al., 1990; Horovitz et al., 1990) . The wild-type protein bearing residues i and j (P ij ) is mutated to produce two single mutants (P i0 and P 0j ) and one double-mutant (P 00 ) where the original interacting residues are substituted by shorter non-interacting ones. If the mutations do not cause structural rearrangements, the interaction energy of residues i and j can be calculated, using a thermodynamic cycle, by subtracting the difference in conformational stability between P i0 and P 00 from the difference in stability between P ij and P 0j :
ÁG ij ÁG Pij À ÁG P0j À ÁG Pi0 À ÁG P00 9
X-ray crystallography
Crystallisation experiments were performed at room temperature, employing the vapour diffusion technique as described (Genzor et al., 1996a) . Crystals of apo¯avo-doxin appeared within two months using 3.2 M ammonium sulphate, 0.1 M phosphate (pH 9.0), and grew to a maximum size of 0.8 mm Â 0.4 mm Â 0.2 mm. The crystals are orthorhombic and belong to the space group P2 1 2 1 2 1 with lattice constants of a 55.6 A Ê , b 38.6 A Ê , c 62.8 A Ê . The crystals have a solvent content of 30.8 % (V m 1.8 A Ê 3 /Da), assuming one molecule per asymmetric unit, and diffract to a resolution of 2.0 A Ê . Data sets to 2.0 A Ê resolution were collected with a Mar Research imaging plate system installed on a Rigaku rotating anode generator by taking 1.0 frames for at least a complete rotation of 120
. All data were evaluated with Mos¯m (Leslie, 1994) and CCP4 Suite (CCP, 1994) . A total of 8786 unique re¯ections (47,838 total measurements were collected for the native data set), represents the 91.8 % of the possible data to a resolution of 2.0 A Ê . The data is 95.1 % complete to 2.1 A Ê resolution and 65.3 % in the last shell (2.1-2.0 A Ê ). The R merge on intensities is 9.7 %.
The structure was solved by Patterson search methods using the holoprotein structure (Rao et al., 1992) . Rotation and translation searches were carried out using AMoRe (Navaza, 1994 ) over a resolution range from 15.0 to 3.5 A Ê . A preliminary data analysis had indicated a space group of P2 1 2 1 2 1 , but the search was carried out for all possible screw axes relative of P222 and only P2 1 2 1 2 1 yielded a signi®cant solution. Rigid body re®ne-ment followed by simulated annealing minimisation using XPLOR (Bru È nger, 1992) was carried out and it reduced the R-factor from 42.3 % to 32.5 %. 2F o À F c and F o À F c maps were calculated and the model was corrected manually against them using the program FRODO (Jones, 1978) . From this point, the quality of the maps was greatly improved and continued cycles of model building and re®nement gradually reduced the Rfactor. The ®nal model contains residues 2-169 for the apoprotein, 90 water molecules and one sulphate ion. The crystallographic R-factor of the model is 18.1 % for all unique re¯ections from 8.0-2.0 A Ê resolution (R free 25.7 %). The r.m.s. deviations from ideal stereochemistry are 0.009 A Ê for bond lengths and 1.517 for bond angles (Engh & Huber, 1991) . The stereochemistry of the model was veri®ed using the program PRO-CHECK (Laskowski et al., 1993) . The dihedral angles of the polypeptide backbone showed 88.4 % of residues in most favoured regions and 11.0 % in additional allowed regions. The overall temperature factor for 1421 heavy atoms is 14.5 A Ê 2 .
Protein Data Bank accession number
The atomic coordinates have been deposited in the Protein Data Bank with the accession code 1QHE.
